We study the energy spectrum of the inclusive bottom-flavored mesons in top-quark decay into a charged-Higgs-boson and a massless bottom quark at next-to-leading order (NLO) in the two-Higgsdoublet model. To extract the result we work in the Zero-Mass Variable-Flavor-Number scheme(ZMVFNs) using realistic nonperturbative fragmentation functions obtained through a global fit to e + e − data from CERN LEP1 and SLAC SLC on the Z-boson resonance. We study both the contribution of the bottom-quark fragmentation and the gluon fragmentation to produce the bottom-flavored meson (B-Meson). We find that the contribution of the gluon leads to an appreciable reduction in decay rate at low values of the B-meson energy. It means the NLO corrections are significant.
I. INTRODUCTION
Top quark is the heaviest elementary particle with a mass of 172.0 GeV [1] . Top's large mass is a reason to rapid decay so that it has no time to hadronize and if it were not for the confinement of color, the top quark could be considered as a free particle. This property allows the top quark to behave like a real particle and one can safely describe its decay in perturbative theory. The Large Hadron Collider (LHC) is a superlative top factory with 90 million tt-pairs per year which will allow us to perform accurate studies of the top-quark properties, such as its mass m t , total decay width Γ t , the effective weak mixing angle, and elements V tq of the Cabibbo-KobayashiMaskawa (CKM) [2] quark mixing matrix. The theoretical aspects of top-quark physics at the LHC are summarized in a recent paper [3] .
Since |V tb | ≈ 1, top quarks almost exclusively decay to bottom quarks, via t → bW + within the Standard Model (SM) theory and in beyond-the-SM theories with an extended Higgs sector, top quarks decay via t → bH + . Many extensions of the Standard Model contain more than one Higgs doublet, and the new degrees of freedom appear as extra Higgs scalars. For example, in the supersymmetric SM, at least two Higgs doublets are needed so as to cancel gauge anomalies and to generate masses for both up-and down-type quarks [4] ; in the Weinberg model of CP violation, at least three Higgs doublets are needed in order to have spontaneous CP violation(see [5] and references therein). Both neutral and charged physical Higgs bosons exist in all these extensions of the SM. The observation of charged Higgs bosons, H ± , would indicate physics beyond the SM. For the sake of simplicity, we will limit ourselves throughout this paper to the decay t → bH + in a model with two-Higgs-doublet, in which * Electronic address: mmoosavi@yazduni.ac.ir case there is only one physical charged Higgs boson remaining after spontaneous symmetry breaking. New results of a search for the charged Higgs bosons in protonproton collision at a center-of-mass energy of √ s = 7 TeV are reported by the ATLAS Collaboration [6] where the τ +jets channel in tt decays is used with a hadronically decaying τ lepton in the final state. The reported data leads to a limit on the product of branching ratios
As it is mentioned in Ref. [7] , a clear separation between the t → bW + and t → bH + can be achieved in both the ttX pair production and the t/tX single top production at the LHC. The QCD corrections to the decay rate t → b + W + are known at next-to-next-to-leading order [8] and the NLO electroweak corrections were found in Ref. [9] . In this paper, we evaluate the first order QCD corrections to the decay of an unpolarized top quark into a charged Higgs boson.
Since bottom quarks hadronize, via b → B + X, therefore the decay process t → BH + + X is of prime importance and the particular purpose of this paper is to make predictions for the energy spectrum of b-flavored mesons in top decay. This measurement will be important for future tests of the Higgs coupling in the minimal supersymmetric standard model (MSSM) at LHC. The hadronization of the bottom quark was considered in the NLO QCD analyses of the decay t → bW + in Refs. [10, 11] . As it is shown in [12] , the hadronization of the bottom quark is identified to be the largest source of uncertainty in measurement of the top-quark mass. To study the distributions in the B-meson scaled-energy x B , we employ the massless scheme or zero-mass variableflavor-number (ZM-VFN) scheme [13] in the top-quark rest frame. In this scheme, the zero mass parton approximation is also applied to the bottom quark and the non-zero value of the b-quark mass only enter through the initial condition of the nonperturbative fragmentation function(non-FF). Nonperturbative FF is describing the hadronization process b → B + X and is subject to Dokshitzer-Gribov-Lipatov-AlteralliParisi(DGLAP) [14] evolution and it is scale dependent. This paper is organized as follows. In Sec. II, we study the inclusive production of a meson from top-quark decay considering the factorization theorem and DGLAP equations. In Sec. III, we present the calculation of the O(α S ) QCD corrections to the tree-level rate of t → bH + . We work in ZM-VFN scheme neglecting the b-quark mass in our QCD corrections but will retain the arbitrary value of m H + . In Sec. IV, we present our numerical analysis. In Sec. V, our conclusions are summarized.
II. FORMALISM
We study the inclusive production of a B-meson from top-quark decay If we denote the four-momenta of top-quark, b quark, gluon and B meson by p t , p b , p g and p B , respectively, therefore in the top-quark rest frame the b quark, gluon, and B meson have energies
It is convenient to introduce the scaled energy fractions
. We wish to calculate the partial decay width of process (1) differential in x B , dΓ/dx B , at NLO in the ZM-VFN scheme. According to the factorization theorem of the QCD-improved parton model [15] , the energy distribution of a hadron B can be expressed as the convolution of the parton-level spectrum with the nonperturbative fragmentation function D a (z, µ F ), describing the hadronization a → B,
where dΓ a /dx a is the parton-level differential width of the process t → a + X, with X comprising the H + boson and any other parton. Here, µ F and µ R are the factorization and the renormalization scales, respectively. At NLO, the scale µ R is associated with the renormalization of the strong coupling constant. In principle, one can use two different values for the factorization and renormalization scales; however, a choice often made consists of setting µ R = µ F and we shall adopt this convention for most of the result which we shall show. In next section, we present our analytic results for dΓ a /dx a (a = b, g) at NLO in ZM-VFNS.
III. ANALYTIC RESULTS FOR dΓa/dxa
The coupling of the charged Higgs boson to the top and bottom quark in the minimal supersymmetric standard model(MSSM) can either be expressed as a superposition of scalar and pseudoscaler coupling factors or as a superposition of right-and left-chiral coupling factors [16] . Adopting the first approach, the Born term amplitude for the process t → b + H + can be parametrized as M 0 =ū b (a + bγ 5 )u t , and the second scheme leads to the
In a model with two Higgs doublets and generic coupling to all the quarks, it is difficult to avoid flavor-changing neutral currents. We, therefore, limit ourselves to models that naturally stop these problems by restricting the Higgs coupling. As it is explained in Ref. [16] , the first possibility is to have the doublet H 1 coupling to all bosons and the doublet H 2 coupling to all the quarks (model I). This leads to the coupling factors
The second possibility is to have the H 2 couple to the right-chiral up-type quarks (u R , c R , t R ), and the H 1 couple to the right-chiral down-type quarks (model II). This model leads to the coupling factors
In equations above, tan β = ν 2 /ν 1 is the ratio of the vacuum expectation values of the two electrically neutral components of the two Higgs doublets and the weak coupling factor g w is related to the Fermi's constant G F by g
is the Källén function. In the limit of vanishing b-quark mass, a = b in model I, therefore the tree level decay width simplifies tô
For model II one has
when the left-chiral coupling term, proportional to m b tan β, can become comparable to the right-chiral coupling term m t cot β, one cannot therefore naively set m b = 0 in all expressions. For example, if we take m b = 4.90 GeV, m t = 172.0 GeV, m H + = 120 GeV and tan β ≈ 10 thus the second term in the curly brackets can become as large as O(6%) in model II. In this paper we adopt, with good approximation, the Born term presented in Eq. (5) in both models when m b → 0, more detail can be found in Ref. [17] .
In the following, we discuss the calculation of the O(α S ) QCD corrections to the tree-level decay rate of t → b + H + and we present the parton-level expressions for dΓ(t → BH + + X)/dx B at NLO in the ZM-VFN scheme.
B. Virtual Corrections
In the ZM-VFN scheme, where m b = 0 is put from the beginning, all singularities including the soft-and collinear gluon emission are regularized by dimensional regularization in D = 4 − 2ǫ space-time dimensions to become single poles in ǫ, which are subtracted at factorization scale µ F and absorbed into the bare FFs according to the modified minimal-subtraction scheme (M S). In this scheme, m b only sets the initial scale µ ini F = O(m b ) of the DGLAP evolution. Adopting the on-shell mass-renormalization scheme, the virtual one-loop corrections to the tbH + -vertex includes both IR-and UV-singularities. Therefore, the contribution of virtual corrections into the differential decay width normalized to the Born width, reads
where,
. Following Ref. [5] , the renormalized amplitude of the virtual corrections can be written as
where Λ ct stands for the counter term and Λ l arises from the one-loop vertex correction. Since we neglect the b quark mass, thus the counter term of the vertex consists of the top-quark mass renormalization and the wave function renormalizations as
where, the mass renormalization constant of the top quark reads
and from Ref. [18] , for the wave function renormalization constants we have
In Eqs. (10) and (11) , ǫ IR and ǫ UV represent infrared(IR) and ultra-violet(UV) singularities which arise from the collinear-and the soft-gluon singularities, respectively. Therefore, the real part of the one-loop vertex corrections Λ l is given by
, 
(12)
C. Real Corrections
As it is explained in Ref. [19] , to cancel the IRsingularities of the virtual corrections, one needs to include the real gluon emission, namely, t → H + bg. To calculate the contribution of the real corrections, we start form the definition of decay rate. As before, to regulate the IR-divergences we work in D = 4 − 2ǫ dimensions, therefore from the definition of decay rate, one has
where, the Phase Space element reads
For simplicity, we choose the top-quark rest-frame and to calculate the differential rate dΓ real b /dx b normalized to the Born width, we fix the momentum of b-quark in Eq. (13) . To get the correct finite term in the normalized differential decay rate, the Born width Γ 0 will have to be evaluated in the dimensional regularization at O(ǫ 2 ), i.e. Γ 0 →Γ 0 {1 − ǫ(F + 1/2) + ǫ 2 (F 2 /2 + F/2 + 17/8 − π 2 /4)}. Thus, the contribution of the real gluon emission into the normalized differential decay width is then given by
where the plus distributions are defined as usual.
D. Analytic Results for Partial Decay Rates
The NLO expression for dΓ b /dx b is obtained by summing the Born term, the virtual one-loop and the real contributions. Since, the B meson can be also produced from the fragmentation of the emitted real gluon, therefore, we also need the differential decay rate dΓ g /dx g in the ZM-VFN scheme. To calculate the dΓ g /dx g , as before, we start form Eq. (13) by fixing the momentum of gluon, therefore, there will be no soft singularity. Our results list here
where A 1 (x b ) and B 1 (x g ) are free of singularities and, in the following, their functional form will be shown.
To subtract the collinear singularities remaining in Eq. (16) According to this scheme, in order to get the M S coefficient functions we shall have to subtract from Eq. (16) the O(α s ) term multiplying the characteristic M S constant (−1/ǫ + γ E − ln 4π), therefore, we obtain
where
ab are the time-like splitting functions at leading order [14] 
and the coefficient functionsÂ(
In this work we identify µ R = µ F = m t , so that in Eq. (17) the terms proportional to ln(m
, we obtain the renormalized decay ratê
This result is in agreement with Refs. [20, 21] and the corrected version of [5] . As it is seen from Eq. (19), in the limit m H + /m t → 0(≡ y → 0) the total decay rate is finite and proportional to G F m 3 t . At the opposite limit where m H + /m t → 1(≡ y → 1), due to the ln(1 − y) singularity setting the bottom-quark mass to be zero is no longer a valid approximation for the differential decay rates and our results must be improved considering a massive b-quark.
IV. NUMERICAL ANALYSIS
We are now in a position to present our phenomenological results by performing a numerical analysis. In the MSSM, the mass of the charged Higgs is strongly correlated with the other Higgs boson masses. The charged Higgs boson mass in the MSSM is restricted at treelevel by m H + > m W , Ref. [1] . This restriction does not hold for some regions of parameter space after including radiative corrections. Therefore, two key phenomenological parameters in the charged Higgs searches are the Higgs mass m H + and tan β, which are modeldependent. Searches of the charged Higsses over a good part of the m H + − tan β plane in the MSSM is a program that still has to be carried out and this belongs to the LHC experiments. We adopt from Ref. = 231.0 MeV. As mentioned before, the b-quark mass only enter through the initial condition of the nonperturbative fragmentation function. We employ the nonperturbative B-hadron FFs that were determined at NLO in the ZM-VFN scheme through a joint fit [22] to e + e − -annihilation data taken by ALEPH [23] and OPAL [24] at CERN LEP1 and by SLD [25] at SLAC SLC. Specifically, the power ansatz
was used as the initial condition for the b → B FF at µ ini F = 4.5 GeV, while the gluon and light-quark FFs were generated via the DGLAP evolution. The fit yielded N = 4684.1, α = 16.87, and β = 2.628.
To study the scaled-energy (x B ) distribution of the bottom-flavored hadrons produced in top-quark decay, we consider the quantity dΓ(t → BH + + X)/dx B . In Fig. 1 , we show our prediction for the size of the NLO corrections, by comparing the LO (dotted line) and NLO (solid line) results, and the relative importance of the b → B (dashed line) and g → B (dot-dashed line) fragmentation channels at NLO, taking tan β = 10 and m H + = 120 GeV. The same NLO FFs are used for the LO result. Fig. 1 shows that the NLO corrections lead to a significant enhancement of the decay rate in the peak region and above. Furthermore, the peak position is shifted towards higher values of x B . The gluon fragmentation leads to an appreciable reduction in decay rate at low- x B region, for x B 0.3. For example, the gluon fragmentation decreases the size of decay rate up to 43% at x B = 0.12. For higher values of x B , the b → B contribution is dominant. As we explained in section II, the mass of B-meson is responsible for the appearance of the threshold at x B = 2m B /(m t (1 − y)) = 0.12.
In Fig. (2b) of Ref. [17] , the unpolarized rate is plotted as a function of tan β for a sample value of m H + = 120 GeV. It can be seen that the rate is quite small for tan β values exceeding tan β = 2. In Fig. 2 , we study the energy distribution of the Bmeson in different values of the tan β, i.e. tan β = 1, 5, 10 and 15, for m H + = 120 GeV. It can be seen that when tan β is increased the decay rate is decreased, asΓ 0 is proportional to cot 2 β. In Fig. (2a) of Ref. [17] , the unpolarized rate is also shown as a function of y = m H + /m t for tan β = 10. The functional behavior of the rate shows that the rate is largest when m H + → 0 and it drops to zero when m H + → m t .
Adopting the limit m H + > 79.3 GeV from Ref. [1] , in Fig. 3 we study the energy distribution of the Bmeson in different values of the Higgs boson mass, i.e. m H + = 80, 100, 120 and 150 GeV, by fixing tan β = 10. As mentioned, the mass of B-meson creates the thresholds at x B = 0.08 (for m H + = 80 GeV), x B = 0.09 (for m H + = 100 GeV), x B = 0.12 (for m H + = 120 GeV) and x B = 0.26 (for m H + = 150 GeV).
In comparison with the Born rate Γ t→b+W + = 1.364 GeV, the rate into a charged Higgs is generally quite small except for small tan β values. One finds equality of the GeV. When the values of tan β exceed tan β = 2, the decay rate becomes quite small [17] . rates into a W + and H + only at tan β = 0.56 for m H + = 120 GeV. However, such a small tan β value is excluded by the indirect limits in the (m H ± , tan β) plane [26] .
In Fig. 4 , we compared the energy distribution of the B-meson produced in decay modes t → BW + + X and t → BH + + X with tan β = 1, m H + = 120 GeV, m W = 80.399 GeV and the parton-level differential rates dΓ b (t → bW + )/dx b and dΓ g (t → bW + )/dx g extracted from Ref. [18] . The thresholds appear at x B = 0.08 (for t → BW + + X) and x B = 0.12 ( for t → BH + + X). The total top-quark decay width is obtained by summing the two partial widths Γ t→b+W + and Γ t→b+H + order by order. However, as Figs. (2) and (3) show the radiative corrections coming from the supersymmetric sector depend extremely on the Higgs mass and tan β, but Fig. 4 shows that the contribution of the decay mode t → W + + b is always larger than the one coming from t → H + + b, see more detail in Ref. [7] .
V. CONCLUSIONS
Top-quark decays within the Standard Model are completely dominated by the mode t → W + + b due to |V tb | = 1 to a very high accuracy. In beyond-the-SM theories with an extended Higgs sector, top-quark decays can also be done via t → H + + b. This charged Higgs boson has been searched for in high energy experiments, in particular, at LEP and the Tevatron but it has not been seen so far. To study the Higgs boson and new physics beyond the SM at LHC, as a superlative top factory, we need to understand the energy distribution of B-meson produced from top-quark decay. The dominant decay mode t → BW + + X was studied in Refs. [10] and [18] . In this paper we studied the scaled-energy (x B ) distribution of B-meson in t → BH + + X at NLO in the ZM-VFN scheme. We employed the nonperturbative Bmeson FFs determined by a global fit [22] of experimental data from Z factories, relying on their universality and scaling violations [27] .
Comparison of future measurements of dΓ/dx B at the LHC with our NLO predictions will be important for fu-ture tests of the Higgs coupling in the minimal supersymmetric SM(MSSM) and it will be the primary source of information on the B-meson FFs.
